Mammalian sterile 20 -like kinase (Mst)1 plays an important role in mediating apoptosis and inhibiting hypertrophy in the heart. Because Hippo, a Drosophila homolog of Mst1, forms a signaling complex with Warts, a serine/threonine kinase, which in turn stimulates cell death and inhibits cell proliferation, mammalian homologs of Warts, termed Lats1 and Lats2, may mediate the function of Mst1. We here show that Lats2, but not Lats1, dose-dependently increased apoptosis in cultured cardiac myocytes. Lats2 also dose-dependently reduced [ 3 H]phenylalanine incorporation and cardiac myocyte size, whereas dominant negative Lats2 (DN-Lats2) increased them, suggesting that endogenous Lats2 negatively regulates myocyte growth. DN-Lats2 significantly attenuated induction of apoptosis and inhibition of hypertrophy by Mst1, indicating that Lats2 mediates the function of Mst1 in cardiac myocytes. Cardiac specific overexpression of Lats2 in transgenic mice significantly reduced the size of left and right ventricles, whereas that of DN-Lats2 caused hypertrophy in both ventricles. Overexpression of Lats2 reduced left ventricular systolic and diastolic function without affecting baseline levels of myocardial apoptosis. Expression of endogenous Lats2 was significantly upregulated in response to transverse aortic constriction. Overexpression of DN-Lats2 significantly enhanced cardiac hypertrophy and inhibited cardiac myocyte apoptosis induced by transverse aortic constriction. These results suggest that Lats2 is necessary and sufficient for negatively regulating ventricular mass in the heart. Although Lats2 is required for cardiac myocyte apoptosis in response to pressure overload, it was not sufficient to induce apoptosis at baseline. In conclusion, Lats2 affects both growth and death of cardiac myocytes, but it primarily regulates the size of the heart and acts as an endogenous negative regulator of cardiac hypertrophy. (Circ Res. 2008;103:1309-1318.) 
T he size of organs is controlled by the intricate coordination between cell growth and death. 1 Increasing lines of evidence suggest that the heart is a renewing organ. 2 However, hypertrophy of existing cardiac myocytes and cell death, including apoptosis, are still major, if not sole, determinants of the heart size. Although the signaling mechanisms controlling hypertrophy and apoptosis have been extensively studied, only a few mechanisms reported thus far can regulate both growth and death of cardiac myocytes in a coordinated fashion.
Mammalian sterile 20-like kinase (Mst)1 is a serine threonine kinase, which is activated by proapoptotic stimuli and potently induces apoptosis in cardiac myocytes. Interestingly, Mst1 not only induces apoptosis but also negatively regulates hypertrophy of cardiac myocytes. 3 Stimulation of apoptosis and inhibition of compensatory hypertrophy could be detrimental for the heart because they could lead to progressive wall thinning and elevated wall stress, which further increases myocardial cell death and initiates a malignant spiral of heart failure. 4 In Drosophila, hippo (Hpo), a homolog of human Mst1, also regulates the size of organs, such as eyes and wings. 5, 6 Using genetic approaches, a series of molecules associating with Hpo have been identified. Hpo physically interacts with Salvador (Sav), a scaffold protein, which in turn binds to Warts (Wts) (also known as lats). 7, 8 Hpo phosphorylates Wts and triggers cell cycle arrest and apoptosis. 7, 9, 10 In mammals, the lats tumor suppressor family encodes Ser/Thr protein kinases. 11 One family member, Lats2, negatively regulates cell growth in NIH3T3/v-ras and HeLa cells. 12, 13 Reduced expression of Lats2 has been shown to enhance the tumorigenesis. 14, 15 Lats2 initiates a positivefeedback mechanism with p53, thereby acting as a checkpoint mechanism for the maintenance of the proper chromosome number. 16 Lats2 also regulates the mitotic machinery, thereby playing an important role in coordinating the mitotic fidelity and the genomic stability. 17, 18 Recent reports have shown that the effects of Lats2 may be mediated by Yki and YAP, nuclear transcription cofactors, in Drosophila and mammals, respectively. 19, 20 Northern blot analyses showed ubiquitous expression of Lats2 mRNA in several human tissues with the highest expression in the heart. 21 Lats2 knockout mice are embryonic lethal and display atrial and ventricular defects, pericardial distension, and blood pooling, suggesting that Lats2 may play an important role in mediating cardiac development. 17 Judging from the prominent proapoptotic and antigrowth functions of Mst1 in the heart, 3 we expect that Lats2 should mediate some of the functions of Mst1 in the heart. However, the role of Lats2 in mediating growth and death of cardiac myocytes is not well understood.
Thus, the purposes of this study were (1) to clarify the cardiac function of Lats2 and (2) to determine whether the proapoptotic and antihypertrophic actions of Mst1 in the heart are mimicked by Lats2.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
cDNA Dominant-negative form of Mst1 (Mst1K59R) was described. 3 A dominant negative form of Lats2 (DN-Lats2) was generated by mutating Lys697 to alanine.
Antibodies
Mouse monoclonal antibody against N-terminal portion of human Lats2 (amino acids 78 to 256) and rabbit polyclonal antibody against N-terminal portion of human Lats2 (amino acids 79 to 257) have been described. 18, 21 Rat monoclonal antibody against human Lats1 has been described. 22 Other antibodies include monoclonal anti-Myc 9E10 (Santa Cruz Biotechnology); anti-Mst1, anti-Bcl-2, anti-Bcl-xL (Pharmingen); anti-␣-actin (Sigma); and polyclonal anticleaved caspase 3 (Cell Signaling).
Transgenic Mice
Lats2 and DN-Lats2 transgenic mice (Tg-Lats2 and Tg-DN-Lats2) were generated using the ␣-myosin heavy chain promoter (courtesy of J. Robbins, University of Cincinnati, Cincinnati, Ohio) to achieve cardiac-specific expression of transgene on an FVB background. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Medicine and Dentistry of New Jersey.
Statistics
Statistical analyses between groups were done by 1-way ANOVA, and differences among group means were evaluated using the Fisher's project least-significant difference post test procedure for group data, with a probability value less than 0.05 being considered significant.
Results

Lats2 Induces Apoptosis in Cardiac Myocytes
To examine the effect of Lats2 expression on growth and death of cardiac myocytes, cultured myocytes were transduced with Ad-Lats2 or Ad-LacZ. After 2 days, expression of Lats2 was significantly increased ( Figure 1A ). Because of differences in amino acid sequence in Lats2 between mice/ rats and humans, antibodies raised against human proteins detected endogenous Lats2 in rat cardiac myocytes with lower efficiencies than the exogenous Lats2 encoded by human cDNAs, which did not allow us to precisely evaluate the extent of overexpression by adenovirus transduction. In any event, Ad-Lats2 dose-dependently increased cytoplasmic accumulation of mono-and oligonucleosomes, a sensitive indicator of apoptosis in cardiac myocytes, whereas Ad-LacZ failed to cause an increase ( Figure 1B ). Ad-Lats1 failed to induce accumulation of mono-and oligonucleosomes ( Figure  I in the online data supplement).
The increase in the index of DNA fragmentation by Lats2 was accompanied by significant downregulation of Bcl-2/ Bcl-xL and an increase in cleaved caspase 3 ( Figure 1C ), and it was abolished in the presence of a general caspase inhibitor or by inhibiting downregulation of Bcl-xL ( Figure 1D ). Expression of p53 was not significantly affected by Lats2 (supplemental Figure II) . Taken together, these data suggest that Lats2 induces apoptosis in cardiac myocytes, possibly through downregulation of Bcl-xL.
We next examined whether Lats2 mediates Mst1-induced apoptosis in cardiac myocytes. 3 To this end, we used Ad-DN-Lats2. We have shown recently that DN-Lats2 inhibits Mst1-induced increases in phosphorylation of YAP in cardiac myocytes, suggesting that DN-Lats2 inhibits endogenous Lats2. 23 Although Ad-DN-Lats2 alone did not affect cell death, it significantly reduced Mst1-induced increases in apoptosis as determined by cytoplasmic accumulation of mono-and oligonucleosomes (Figure 2A ). Downregulation of Lats2 by shRNA-Lats2 also inhibited Mst1-induced apoptosis (supplemental Figure III) . On the other hand, increases in apoptosis by Ad-Lats2 were not inhibited by Ad-DN-Mst1 ( Figure 2B ). Ad-Lats2 did not exhibit additive effects on the induction of cell death by Ad-Mst1 ( Figure 2C ). Taken together, Lats2 partially mediates Mst1-induced increases in cardiac myocyte apoptosis.
Lats2 Negatively Regulates Cardiac Myocyte Size In Vitro
Because the Drosophila Hpo pathway regulates both cell death and the organ size, 6 we next examined the effect of Lats2 on cardiac myocyte size. Ad-Lats2 dose-dependently decreased the size of cardiac myocytes at baseline and in the presence of phenylephrine (PE), an agonist for the ␣1 adrenergic receptor ( Figure 3A and supplemental Figure IV , A). The significant reduction in the myocyte size by Ad-Lats2 was observed at 10 multiplicities of infection (mois), which was lower than the dose required for the induction of apoptosis (see Figure 1B ). A similar result was obtained regarding the effect of Ad-Lats2 on total protein content ( Figure 3B at baseline and in response to PE, suggesting that endogenous Lats2 acts as a negative regulator of cardiac hypertrophy. Similar results were obtained in the presence of Ad-shRNA-Lats2 (supplemental Figure VI) . Ad-Lats2 also significantly reduced PE-induced increases in expression of atrial natri-uretic factor (ANF), a protein upregulated in many forms of cardiac hypertrophy ( Figure 3C ). On the other hand, Ad-DN-Lats2 significantly increased ANF expression at baseline ( Figure 3C and supplemental Figure VII 
Lats2 Negatively Regulates Ventricular Chamber Size In Vivo
We next examined the function of Lats2 in the heart in vivo. Although expression of Lats2 in the mouse heart was greater in the neonatal period than in the adult, Lats2 was expressed in the adult heart (supplemental Figure XI) . Both mRNA and protein expression of Lats2 were significantly upregulated (6and 4.5-fold, respectively) by pressure overload in the adult mouse heart ( Figure 4A and supplemental Figure XII) . To examine the function of Lats2 in vivo, we generated transgenic mice with cardiac-specific overexpression of Lats2 (Tg-Lats2). We made 2 lines and confirmed expression of the Lats2 transgene in the heart, where Lats2 was overexpressed up to 7-fold in line 8 and up to 5-fold in line 20 ( Figure 4A and not shown). The level of transgene expression seems overestimated because the antibody detected human Lats2 with a greater sensitivity compared to endogenous Lats2. Thus, Lats2 expression in Tg-Lats2 (lines 8 and 20) appears to be comparable to that of endogenous Lats2 after pressure overload. In line 8, many mice exhibited enlargement of the right atrium (supplemental Figure XIII) . At 5 months of age, both left ventricular (LV) weight/tibial length (LVW/TL) and right ventricular (RV) weight/tibial length (RVW/TL) were significantly smaller in Tg-Lats2 than in nontransgenic (NTg) mice ( Figure 4B ). RVW/TL was also significantly smaller in Tg-Lats2 (line 20) than in NTg mice (supplemental Table I ).
Echocardiography showed that LV end diastolic dimension was significantly greater and LV ejection fraction was slightly lower in Tg-Lats2 (line 8) than in NTg ( Figure 4E and Table 1 ). Invasive hemodynamic measurements, using pressure-volume loop analysis, showed that LV end-systolic volume is significantly higher but LV dP/dt max and the slope of the end-systolic pressure-volume relationship (end-systolic elastance) are significantly lower in Tg-Lats2 (line 20) than in NTg, indicating that Tg-Lats2 mice have significantly reduced LV systolic function ( Table 2 ). The time constant of isovolumic pressure decay () was higher in Tg-Lats2 but did not reach statistical significance. LV dP/dt min was significantly lower in Tg-Lats2, and the slope of the end-diastolic pressure-volume relationship was significantly higher in Tg-Lats2 than in NTg ( Table 2 ). These data suggest that Tg-Lats2 mice also have LV diastolic dysfunction. The indices of LV wall stress (LV end-diastolic wall stress, and LV end-diastolic pressure/end diastolic dimension) were greater in Tg-Lats2 than in NTg, suggesting that LV wall stress was elevated in Tg-Lats2 (supplemental Figure XIV) .
The total myocyte number estimated by histological analyses was not significantly different between Tg-Lats2 and NTg (supplemental Figure XV, A) . Myocyte cross-sectional area in LV and RV was significantly smaller in Tg-Lats2 (line 8) than in NTg. These results suggest that Lats2 decreases the size of ventricular myocytes ( Figure 4D ). Histologically determined fibrosis in the LV was significantly greater in Tg-Lats2 (both lines 8 and 20) than in NTg (supplemental Figure XV Biochemical analysis showed that expression of L-type Ca 2ϩ channels and sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA)2a and phosphorylated phospholamban are significantly reduced in Tg-Lats2 compared to NTg, whereas expression of Na ϩ /Ca 2ϩ exchanger did not differ significantly (supplemental Figure XVI) .
Tg-DN-Lats2 Mice Exhibit Biventricular Hypertrophy at Baseline
To examine the function of endogenous Lats2, we generated 2 lines (27 and 31) of transgenic mice with cardiac specific overexpression of dominant negative Lats2 (Tg-DN-Lats2). Overexpression of DN-Lats2 in the heart was confirmed by immunoblot analyses (up to 9-fold in line 27 and 11-fold in line 31) ( Figure 5A and data not shown). Both LVW/TL and RVW/TL were significantly greater in Tg-DN-Lats2 (line 31) than in NTg mice ( Figure 5B and supplemental Table II ). LVW/body weight and RVW/body weight were significantly greater in Tg-DN-Lats2 than in NTg mice in both lines 27 and 31 (supplemental Table II ). LV and RV myocyte crosssectional area was significantly greater in Tg-DN-Lats2 than in NTg ( Figure 5C ). These results suggest that inhibition of endogenous Lats2 induces hypertrophy in both RV and LV cardiac myocytes. Expression of ANF was elevated in Tg-DN-Lats2 hearts ( Figure 5A ). Taken together, Tg-DN-Lats2 hearts exhibited all features of biventricular hypertrophy at baseline. Echocardiographically determined chamber size and LV function were normal in Tg-DN-Lats2 at baseline, except that LV wall thickness was significantly greater in Tg-DN-Lats2 (line 31) than in NTg (supplemental Table III ).
Endogenous Lats2 Is a Negative Regulator of Pathological Hypertrophy in Response to Pressure Overload
Because expression of Lats2 is increased in response to pressure overload, we examined whether upregulation of endogenous Lats2 during pressure overload works as a negative-feedback mechanism for cardiac hypertrophy. To this end, Tg-DN-Lats2 mice were subjected to transverse aortic constriction (TAC). After 2 weeks of TAC, the pressure gradient was similar between NTg and Tg-DN-Lats2 ( Figure 6A ). Tg-DN-Lats2 mice exhibited significantly greater LVW/TL than NTg after TAC ( Figure 6B and supplemental Table IV ). Increases in LVW/TL after TAC (compared with mean LVW/TL in sham operated mice in each group) were significantly greater in Tg-DN-Lats2 than in NTg (ϩ37% versus 27%, PϽ0.05). Increases in LV cross-sectional area after TAC were also greater in Tg-DN-Lats2 than in NTg (ϩ25% versus ϩ16%, PϽ0.05) ( Figure  6C ). TUNEL analyses indicated that TAC-induced increases in LV apoptosis were significantly smaller in Tg-DN-Lats2 than in NTg ( Figure 6D) . These results suggest that endogenous Lats2 negatively regulates LV hypertrophy and apoptosis by pressure overload.
Discussion
Appropriate cell numbers and the organ size in multicellular organisms are determined by coordination of cell growth, proliferation, and apoptosis. 1 A recent burst of studies on Drosophila has demonstrated that a novel and evolutionarily conserved signaling cascade termed the "Hpo pathway" DSEP WT indicates diastolic septal wall thickness; FS, fractional shortening; LVEDD, left ventricular end-diastolic dimension; DPW WT, diastolic posterior wall thickness; SSEP WT, systolic septal wall thickness; LVESD, left ventricular end-systolic dimension; SPW WT, systolic posterior wall thickness; LVEF, left ventricular ejection fraction. **PϽ0.01 vs NTg.
critically controls the size of cells and organs. 6 Wts/Lats protein kinase is a key component of the pathway, which controls the coordination between cell proliferation and apoptosis. 8 -10 We demonstrated here that Mst1 and Lats2, the mammalian counterparts of the Hpo pathway components, play an important role in mediating both apoptosis and inhibition of growth of cardiac myocytes, thereby controlling the size of left and right ventricles in the adult mouse heart (supplemental Figure XVII) .
Previous reports demonstrated that both Drosophila Wts and mammalian Lats1 induce apoptosis. 9,24 -26 However, overexpression of Lats1 failed to induce apoptosis in cardiac myocytes (supplemental Figure I) . Although Lats1 is phosphorylated and activated by Mst2, no stable interaction could be observed between Lats1 and hWW45, a mammalian homolog of Sav and an adaptor protein in the Hpo pathway, or Mst2. 27 On the other hand, Lats2, but not Lats1, interacts with hWW45, forms a complex with Mst1 through hWW45 in cardiac myocytes, and is phosphorylated by Mst1 in COS-7 cells (supplemental Figure XVIII and XIX) . These results suggest that the function of Lats1 and Lats2 may be cell type-dependent in mammalian cells.
Our results suggest that Lats2 induces apoptosis in cardiac myocytes in vitro. Furthermore, Lats2 plays an important role in mediating Mst1-induced apoptosis. Downregulation of Bcl-2 or Bcl-xL might be partially responsible for Lats2induced apoptosis in cardiac myocytes. Lats2 binds to Mdm2 and upregulates p53, which in turn upregulates Lats2, thereby constituting a positive-feedback loop for p53 activation in U2OS cells. 16 However, Lats2 did not upregulate p53 in cardiac myocytes. The effect of Lats2 on apoptosis may be modulated by YAP, a cofactor of nuclear transcription factors, whose phosphorylation and nuclear localization are regulated by Lats2. 28 YAP mediates c-Jun-induced apoptosis through a p73-dependent mechanism in MEF, 29 whereas it inhibits apoptosis through activation of Tead, a transcription factor in embryonic tissues. 30 The effect of YAP on cell death in the heart remains to be elucidated.
Tg-Lats2 mice displayed modest but significant LV dysfunction at baseline (Table 1 ) and in response to pressure overload (supplemental Table V ). Apoptosis may not be responsible for basal LV dysfunction, because increases in TUNEL-positive cells were not significant in Tg-Lats2 at baseline. Downregulation of Ca 2ϩ handling proteins, such as L-type Ca 2ϩ channels and SERCA, and reduction of phosphorylated phospholamban levels, possibly through both transcriptional and posttranslational modifications initiated by increased activity of Lats2, may contribute to baseline LV dysfunction in Tg-Lats2. On the other hand, because TUNEL-positive myocytes were significantly greater in Tg-Lats2 than in NTg under pressure overload (supplemental Figure XX) and because increases in apoptosis by pressure overload are partially inhibited by DN-Lats2, Lats2 may sensitize myocytes to apoptosis under stress.
Our results from both gain-and loss-of-function experiments suggest that endogenous Lats2 acts as a negative regulator of the size of both left and right ventricles and cardiac myocytes therein in vivo. Although left and right ventricles in Tg-Lats2 were significantly smaller at baseline, the enhancement of apoptosis was observed only under stress. Thus, one of the most prominent functions of Lats2 in the heart is similar to that of Drosophila Wts, namely the regulation of the organ size. 6 Furthermore, Mst1-induced decreases in cardiac myocyte size were significantly reduced by DN-Lats2 in vitro, suggesting that Lats2 plays an important role in mediating the antihypertrophic effects of Mst1. Although Tg-Lats2 mice exhibited dilated hearts at baseline, the wall thickness was not increased, suggesting that the LV wall stress is elevated. Suppression of compensatory hypertrophy might have contributed to LV dysfunction in Tg-Lats2 hearts. Because the lack of compensatory hypertrophy despite LV dilation was also observed in Tg-Mst1, 3 these results are consistent with the notion that Lats2 partly mediates the detrimental function of Mst1 in the adult heart. We speculate that upregulation of Lats2 observed during pressure overload is detrimental because it not only increases apoptosis but also prevents compensatory hypertrophy.
In Drosophila Hpo pathway, Wts negatively regulates cyclin E and diap, a homolog of XIAP and an antiapoptotic molecule. 7 Lats2 induced significant reduction in expression of cyclin E in cardiac myocytes in vitro (supplemental Figure  XXI) . Although it is generally believed that postnatal cardiac myocytes are terminally differentiated and its growth is regulated primarily by hypertrophy rather than proliferation, recent evidence suggests that cyclins, mediators of cell proliferation, also play an important role in mediating hypertrophy. 31 At present, the significance of cyclin E in the regulation of cardiac myocyte growth remains to be elucidated. Wts regulates nuclear localization of Yki, 20 thereby regulating its transcriptional targets, such as microRNA bantam. 32 Whether or not Lats2 regulates gene transcription through YAP and, if so, which genes are the targets of YAP would be important issues to address in the future. Recent evidence suggests that miRNA-327 and -373 downregulate Lats2, thereby neutralizing p53-mediated CDK inhibition in human testicular germ cell tumors. 33 Our results suggest that Lats2 negatively regulates protein synthesis in cardiac myocytes. It remains to be elucidated how activation of Lats2 modulates the activity of signaling molecules that regulate cardiac protein synthesis, such as Akt, p70S6K, and eEF2.
In conclusion, our results suggest that Lats2 regulates both growth and death of cardiac myocytes, thereby mimicking the cellular function of Mst1 (supplemental Figure XVII) . Although Lats2 partly mediates cardiac myocyte apoptosis in response to pressure overload in vivo, Lats2 has more prominent effects on regulation of the heart size and plays an essential role in inhibiting hypertrophy at baseline and in response to pressure overload.
Sources of Funding
This work was supported, in part, by US Public Health Service grants HL 59139, HL67724, HL67727, HL69020, and HL 73048 and by American Heart Association Grant 0340123N. 
